Pesticides applied in the environment are transformed by biological or nonbiological processes into one or more transformation products. For most pesticides, transformation results in detoxification to innocuous products. Major degradation products of some currently used pesticides, however, play an important role in pest control and environmental contamination. Some pesticide degradation products are of significance in crop protection by being effective against the target pests. Some can be responsible for inadequate pest control by inducing rapid degradation of their parent compounds. Degradation products as potential contaminants of environmental and food resources has been reported recently. Although most of the currently used pesticides are biodegradable, their major degradation products should also be considered in evaluating the overall bioactivity and environmental contamination potential of the parent compound.
Role of Pesticides in Agriculture and Public Health
The world population continues to grow at about 2 percent each year (1). This growth rate means that at least 93 million additional people per year must be provided with food. The 43 countries identified by the United Nations as the food-priority countries have the highest birth rates (2), and the current global population of 5.3 billion is expected to increase to 6.3 billion by the year 2000 (3) . As global population is incrasing, the total available agricultural land is decreasing (4), mainly because of soil erosion (5). The need to increase the global food supply, and the constraints faced in the population and the land availability fronts reflect the importance of intensive agriculture in providing food to the global population. Pesticides have been an integral part of intensive agriculture, particularly since the Green Revolution in Southeast Asia in the 1970's. Besides their role in crop and animal 0097^156V91/0459--0002$06.00A) © 1991 American Chemical Society
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protection, pesticides also play a vital role in public health. In fact, one of the first such uses of synthetic pesticides was that of DDT for the control of typhus and malaria outbreaks in the 1940's and 1950's (6).
Pesticide Transformation
Pesticide transformation is any process in which a change takes place in the molecular structure of a pesticide. The transformation of a pesticide can occur immediately after, or even before, application, during storage. Most pesticides applied to the environment are ultimately degraded into universally present materials such as carbon dioxide, ammonia, water, mineral salts, and humic substances. Different chemicals, however, are formed before the pesticides are completely degraded. The chemicals formed by the different transformation processes are referred to by several names (Table I) . "Transformation products" and "degradation products" are the terms most widely used. If the products are results of biological degradation, then they are referred to as "metabolites." The products formed by sunlight-induced transformations are known as "photoproducts" or "photolysis products." Some products such as phorate sulfoxide are referred to as "pesticidal products" because of their toxicity to target pests. The term "residues" is ambiguously used and can mean either parent compound or the products formed. For the bioactivity of some pesticides to be expressed, they need to first be transformed into biologically active products. These pesticides known as propesticides (Table II) safer to mammals and crops because selective detoxification can take place in crop or mammalian systems. Many modern day pesticides are degraded by microbial or chemical processes into innocuous products. Evidence shows, however, that for some pesticides, the pesticidal activity and environmental contamination attributed to parent compounds are partly due to the products formed (7, 8) . In some situations, pesticides (e.g., aldoxycarb, promecarb) are formed as degradation products of other pesticides (Table III) . The significance of degradation products was illustrated four decades ago for DDT, one of the first synthetic pesticides. Some of the major concerns with DDT were its degradation products: DDE (1,1-dichloro-2-2 bis [chlorophenyl]ethylene) and DDD (1,1 bis[pchlorophenyl] -2,2-dichloroethane ) . For more information on the environmental significance of DDT metabolites readers are referred to Metcalf (9) . Although the importance of degradation products has long been known, their significance became more evident in the late 1980's, because of their potential to contaminate water and food resources (8, 10, 11) and to promote rapid degradation of parent compounds by serving as energy or nutrient sources for soil microorganisms (12) .
Pesticide degradation results in the formation of various chemicals including substituted phenols, aromatic amines, and chlorobenzenes. Some of these products, such as 2,4-dichlorophenol and p-nitrophenol, are considered priority pollutants. The toxicity of these compounds in the biosphere and their potential to persist in environmental matrices for extended periods illustrates the need to study these compounds (13, 14) . It is equally important to understand the fate of biologically active products formed from propesticides and pesticides so that adequate pest control is achieved. Biological Activity. The biological activity of pesticide degradation products is not new to the literature. Two of the metabolites of DDT -DDD and dicofol-were effective against insects and mites, respectively, and were marketed as pesticides. The degradation products of some organophosphorus insecticides are more potent inhibitors of acetylcholinesterase, a major component of the nervous system, than their respective parent compounds (e.g., paraoxon from parathion). Besides cholinesterase inhibition, some metabolites also inhibit the activity of other enzymes such as mammalian ribonucleotide reductase (15) . The herbicidal activity of the sulfoxides of carbomothioate herbicides has been previously reported (7, 16) . In the U.S., in Midwest soils treated with pesticides such as butylate and terbufos, residues of the parent compound were not detected in significant amounts within a few weeks after application. Good control of weeds and corn rootworm larvae, however, was observed in these fields (7, Somasundaram, L., unpublished data.). The good performance of these pesticides, despite their lack of persistence, was probably due in part to subsequently formed pesticidal products (Table IV) . Transformation products as environmental contaminants. The growing concern for preserving the quality of surface-water and groundwater resources stimulated research into the occurrence of pesticides in groundwater in the 1980's. Several pesticides have been frequently detected in groundwater samples in agricultural areas. Until recently, however, monitoring pesticides in groundwater was mainly restricted to the parent compound. Studies on the quality of Long Island's groundwater revealed the primary contaminants to be aldicarb sulfoxide and aldicarb sulfone, which are the degradation products of the insecticide/nematicide aldicarb (17) . Since then, degradation products of a number of commonly used pesticides, including atrazine, cyanazine, and carbofuran, have been detected in groundwater (Table V) . In the USEPA's recent national survey of drinking water wells, the most frequently detected pesticide product was a metabolite of DCPA (18) . Recent studies confirm that many degradation products are more mobile, and some others are more persistent than their respective parent compounds (19, 20) . In some monitoring studies, degradation products occured in groundwater in which the parent compound was no longer detected (21) . These findings reveal that degradation products of certain pesticides could be important contaminants of groundwater. For most pesticides, however, the concentrations of their degradation products in groundwater was well below the USEPA's Maximum Contaminant Level. In contrast, conversion of some pesticides to their degradation products could prevent the movement of parent compound to groundwater. For example, the greatest potential for groundwater contamination by dicamba would occur immediately after application, before significant degradation to 3,6-dichlorosalicylic acid (DCSA) occurred. This is because of the increased sorption of DCSA by soil (26) .
The recent controversy over the presence of the growth regulator Alar in apples in the United States was not caused by the parent compound daminozide (27) . A metabolite of daminozide, unsymmetrical dime thy lhydraz ine (UDMH), was the chemical of concern present in the contaminated apples. Unsymmetrical dime thy lhydraz ine is a potent carcinogen, and its presence in apples resulted in major public concern that led to the withdrawal of daminozide's use in apples.
Ethylenethiourea (ETU) is a degradation product of ethylenebisdithiocarbamate (EBDC) fungicides such as maneb, zineb, and mancozeb. The source of ETU in plants can be the ETU present in formulations as an impurity produced during EBDC manufacture or formed during storage (11) . Soil degradation of dithiocarbamates can result in the formation of ETU, which can be taken up by plants. The presence of ETU in food can be the result of heat treatment of plant products containing residues of EBDC. Ethylenethiourea has been shown to possess carcinogenic, teratogenic, and mutagenic activities and has been detected in groundwater samples (22) . Because of these properties of ETU, EBDC fungicides are under special review by the USEPA.
Properties of Pesticide Degradation Products
Characteristics influencing the environmental significance of pesticide degradation products include water solubility, vapor pressure, and carcinogenic and mutagenic potential. Although most degradation products of pesticides are converted into less toxic or nontoxic materials, some degradation products because of the above mentioned characteristics, may be biologically and/or environmentally active. In general, many degradation products are more soluble in water than their parent compounds (19) . For example, the sulfoxide and sulfone metabolites of aldicarb are 55 and 1.4 times more soluble respectively, than the parent aldicarb (28) .
This increased solubility favors their mobility to groundwater.
Vapor pressure is an important factor influencing the evaporation of pesticides from treated surfaces. The vapor pressure of PCCH (r-l,3,4,5,6,pentachlorocyclohexane), a metabolite of lindane, was 14 times greater than that of lindane (29) . Thus, much of the lindane volatilized from soil would be in the form of PCCH. The vapor pressure of p-p'-DDE is 8 times greater than that of p-p'-DDT. In well-aerated soils, DDT is converted to DDE, and most of the volatilization occurs in the form of DDE (29) . Thus, because of the high vapor pressure, metabolites of DDT and lindane volatilize more readily than do their parent compounds.
Because of the public concern over the spectra of agrochemically-induced carcinogenicity, use patterns are influenced by their potential human-health concerns. A few degradation products, including ETU and UDMH, are carcinogenic. The rates at which these products are formed, their concentrations in food, or their persistence in environmental resources will have a significant impact on the future use of the parent compounds.
Conclusions
Pesticide transformation is mainly a beneficial process resulting in detoxification of the parent compound. For some pesticides, however, the products formed can be of significance in both crop protection and environmental contamination. Thus, as with the case of EBDC fungicides, the transformation products could determine the future use of the parent compound. Yet, for many of the currently used pesticides, the fate and significance of their degradation products is not clearly understood. The chapters in this book present the available information on pesticide transformation products and address the relative significance of these products in the environment.
